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Abstract
We examined whether data demonstrating contrast sensitivity losses in dyslexia that have been interpreted as evidence for loss
of magnocellular visual function could be explained by inattention. Computer simulations of observers with poor concentration
yielded inflated estimates of threshold that were a constant proportion of the true threshold across spatial frequencies. Data from
many, but not all, studies supporting the magnocellular deficit theory are well described by these simulations, which predicted no
interaction between observer group and spatial frequency. Some studies have reported significant interactions, but suffer from
statistical deficiencies. This compromises some of the evidence for a magnocellular deficit in dyslexia derived from studies of
threshold contrast sensitivity. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Lovegrove, Bowling, Badcock and Blackwood (1980)
described a theory of dyslexia based on deficits in the
transient channel of the visual system. An important
line of evidence in support of this theory comes from
reported differences between dyslexics and control
viewers in spatio-temporal contrast sensitivity. It has
been claimed that dyslexics have a reduced sensitivity to
low spatial frequencies and/or high temporal frequen-
cies (e.g. Martin & Lovegrove, 1984; Evans, Drasdo, &
Richards, 1994). It has been argued that because the
magnocellular cells of the lateral geniculate nucleus
(LGN) respond better to lower spatial and higher tem-
poral frequencies than do cells in the parvocellular
layers, the pattern of perceptual deficits seen in dyslexia
is indicative of damage to, or functional change in, the
magnocellular layers of the LGN (Livingstone, Rosen,
Drislane, & Galaburda, 1991; Lovegrove, 1996; Stein &
Walsh, 1997). Lesion studies of primates show that
damage to the magnocellular layers of the LGN pro-
duces significant losses in sensitivity, or even complete
blindness, to stimuli having both high temporal and
low spatial frequencies (Merigan & Maunsell, 1990;
Schiller, Logothetis, & Charles, 1990).
Skottun (2000a) has recently reviewed many studies
of contrast sensitivity and found evidence both for and
against a magnocellular deficit in dyslexia. There has
since been some discussion of the relevance of contrast
sensitivity for the determination of magnocellular func-
tion (Habib, 2000; Skottun, 2000b; Stein, Talcott, &
Walsh, 2000). The issue is still far from settled (see
Dobkins, Gunther, & Peterzell, 2000 for a summary of
current positions). The fact remains that a number of
studies have used contrast sensitivity as a measure of
magnocellular function in dyslexia. Skottun (2000a)
concluded that of the contrast sensitivity studies exam-
ined, only those by Martin and Lovegrove (1984, 1988)
(experiment 1), Lovegrove et al. (1982) (experiment 2),
Evans et al. (1994) and Borsting et al. (1996) provided
support for the magnocellular-deficit theory of dyslexia.
Studies by Lovegrove et al. (1980), Cornelissen (1993)
and Mason, Cornelissen, Fowler, and Stein (1993) were
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neither consistent with, nor directly contradicted, the
theory. A recent study by Slaghuis and Ryan (1999)
also presents contrast sensitivity functions and claims
to support the magnocellular deficit theory of dyslexia.
We examined to what extent studies that claimed to
support the magnocellular deficit theory could be ex-
plained simply by inattention on the part of the dyslexic
observers, given that inattention is comorbid with
dyslexia (e.g. Willcutt & Pennington, 2000). While par-
ticipants with obvious hyperactivity may have been
excluded from many psychophysical studies, Willcutt
and Pennington (2000) demonstrated that attention
deficit disorder without hyperactivity was more com-
monly associated with dyslexia than the form with
hyperactivity. As a consequence, many participants
may have had difficulty with the attentional demands of
the experiments. As most of these studies of contrast
sensitivity in dyslexia have used adaptive threshold
estimation methods, we simulated the effects of poor
concentration on threshold estimation by adaptive
methods.
Our study is similar in some respects to an earlier
study by Peli and Garcı´a-Pe´rez (1997). Peli and Garcı´a-
Pe´rez argued that data presented by Ridder, Borsting,
Cooper, McNeel and Huang (1997) showing a lower
contrast sensitivity in dyslexics could be explained by
their difficulty in performing the two-interval, two-al-
ternative forced-choice (2AFC) task because of their
impaired judgement of temporal order. Peli and Garcı´a-
Pe´rez investigated the effects of random response errors
due to incorrect temporal sequencing on dyslexics’ per-
formance in 2AFC tasks and found that threshold
estimates would have been elevated. In reply to this
argument, Ridder and Borsting (1997) argued that a
study by May, Williams, and Dunlap (1988) showed
that the inter-stimulus intervals used in their study were
long enough to avoid problems in temporal order
judgement by the dyslexics. It is therefore unlikely that
the impaired performance of the dyslexics was due to
their impaired temporal order judgement.
Here, we extend the analysis by Peli and Garcı´a-
Pe´rez (1997) by simulating the effects of inattention,
rather than impaired temporal order judgement, in
dyslexia. The present study examines the distribution of
threshold estimates and the relationship between esti-
mated and simulated thresholds. A wide range of previ-
ous studies of contrast sensitivity in dyslexia is
discussed in the light of results from the present
simulations.
2. Simulation
An adaptive psychophysical procedure (Levitt, 1971)
was used to estimate threshold of a simulated observer.
Adaptive procedures are commonly used in two-inter-
val two-alternative forced choice tasks, where a signal is
present in one interval and absent in the other, and the
task of the observer is to report which interval con-
tained the signal. We examined adaptive procedures
adopting a two-down, one-up rule or a three-down,
one-up rule for changes to the signal level (Levitt,
1971). Threshold was estimated by averaging the last
four of nine reversals of signal level. This estimate
corresponded to the 70.7% correct level of the psycho-
metric function for the two-down, one-up rule and
79.4% correct for the three-down, one-up rule. Adap-
tive procedures with either a fixed step size or large
steps before the first reversal were employed. Steps were
logarithmic in nature.
Poor concentration was simulated by a fixed proba-
bility that each trial was unattended and resulted in a
random response (where each alternative had a proba-
bility of being chosen of 50%). For attended trials, the
probability of a correct judgement was given by a
psychometric function modelled by a raised cumulative
Gaussian. One thousand threshold estimates were made
in each condition and means calculated over a range of
true thresholds.
The distributions of threshold estimates for a simu-
lated attentive observer (all trials attended) and an
inattentive observer (on average one in every 10 trials
unattended) are shown in Fig. 1A. Measured thresholds
for the attentive observer are approximately normally
distributed around the true threshold (0.1). The distri-
bution for the inattentive observer is skewed, with the
majority of estimates occurring close to the simulated
perceptual threshold but with some estimates consider-
ably higher. This skew biases the mean of threshold
estimates obtained. It should be noted that, as in the
simulations by Peli and Garcı´a-Pe´rez (1997), this distri-
bution is based on chance variation given a fixed
threshold and error rate. If a raised threshold is due to
random errors, the staircase will often not be markedly
abnormal, i.e. problems in convergence may not be
apparent (e.g. Fig. 1B). Even more importantly, abnor-
mally high thresholds will not be reproducible from
estimate to estimate.
The present simulations show that provided the start
level of a staircase employing logarithmic steps is a
relatively constant (logarithmic) level above threshold,
the elevation of the mean estimated threshold due to
inattention is a constant proportion of the true
threshold, regardless of the value that threshold (Fig.
1C). This result applied to studies of contrast sensitivity
would predict a main effect of group (where the dyslex-
ics were inattentive), but no interaction between group
and spatial frequency when data are plotted as log
contrast sensitivity. However, when data are plotted as
linear sensitivity (e.g. Slaghuis & Ryan, 1999), the
process of transformation will produce an artefactual
interaction.
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Data from Lovegrove et al. (1980), Martin and Love-
grove (1984), Cornelissen (1993), Mason et al. (1993),
Evans et al. (1994), Borsting et al. (1996) and Slaghuis
and Ryan (1999) are replotted in Fig. 2 (symbols). The
data were recovered by measuring photocopied enlarge-
ments of published graphs with a vernier calliper. The
lines represent the best fitting main effect with no
interaction between observer group and spatial fre-
quency. Although these predicted lines are parallel, the
apparent distance between them varies with their slope
(Day & Stecher, 1991), often producing the illusion of
an interaction. It can be seen that the data are generally
described well by a main effect of group, with the
exception of Martin and Lovegrove (1984), where the
dyslexics are more sensitive at high spatial frequencies.
A similar pattern of data has been reported by Love-
grove et al. (1982) (experiment 2) and Martin and
Lovegrove (1988) (experiment 1).
3. Statistical issues
Without access to the raw data, we must depend on
the reported analyses in the original studies to assess
the degree of fit of our simulations to data (i.e. the
absence of an interaction between observer group and
spatial frequency). Many studies have argued with
varying degrees of statistical rigour the presence of an
interaction in the data that supports the hypothesis of a
transient/magnocellular deficit. As Slaghuis and Ryan
(1999) analysed their data on a linear scale, their analy-
sis cannot be used to judge the presence of an interac-
tion in the transformed data. It is clear from inspection
of Fig. 2G, H, I, J, which replots data from Slaghuis
and Ryan (1999) on a logarithmic scale, that there is
little evidence for an interaction between subject group
and spatial frequency.
All other studies plotted and analysed the contrast
sensitivity data using logarithmic scales. Thus, their
analyses are relevant to the question of whether an
interaction is present that might support the hypothesis
of a specific deficit in the dyslexic group. Many studies
that report the interaction between subject group and
spatial frequency find it to be not significant (Love-
grove et al., 1980 for some unspecified viewing dura-
tions; Mason et al., 1993; Cornelissen, Richardson,
Mason, Fowler, & Stein, 1995; Borsting et al., 1996).
Some studies have proceeded to interpret a non-signifi-
cant interaction, or one that tends in the wrong direc-
tion, as evidence for a magnocellular deficit (see
Skottun, 2000a) or to conduct post-hoc comparisons
without appropriate statistical control (e.g. Borsting et
al., 1996).
Borsting et al. (1996) used faulty statistical reasoning
to imply the presence of an interaction when direct tests
failed to reveal it. They conducted between-group t-
tests at several spatial frequencies. If some of these
comparisons were significant and others not, it was
concluded that the differences between groups were
Fig. 1. (A) Distribution of 1000 threshold estimates for a simulated
observer with a perceptual threshold of 0.1 and inattention to 0%
(solid line) or an average of 10% (dashed line) of trials. The mean of
the distribution of estimates is increased for observers with inatten-
tion. (B) Example staircase (plot of stimulus level as a function of trial
number) for a simulated observer with a true threshold of 0.10 and
inattention to an average of 10% of trials. The calculated threshold is
0.19 despite the appearance that the procedure has converged. The
start level was 0.5, the step size was 1 dB and a 2-down 1-up rule was
used. (C) Plot of the average estimated log sensitivity against true log
sensitivity for simulated inattentive observers.
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Fig. 2. Log contrast sensitivity plotted as a function of spatial frequency for dyslexic (solid symbols) and control (open symbols) observers. Lines
represent the best-fitting main effect of group, but no interaction between group and spatial frequency, as predicted by simulations of observers
with identical thresholds, but lower concentration in the dyslexic group. Error bars represent one standard error of the mean. The vertical axis
is dB attenuation in panel E.
greater at some spatial frequencies than at others. A
related problem with the method used by Borsting et al.
(1996) is that these multiple t-tests were carried out in
the presence of a main effect of group. This main effect
is independent of the interaction being tested. Slight
variations around the average main effect may either
reach or fail to reach significance, but are not evidence
of a significant interaction.
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Evans et al. (1994) reported a significant overall
interaction between group and spatial frequency, but
only compared spatial frequencies of 1 and 12 cycles/
degree in a post-hoc ANOVA. Comparing these spatial
frequencies, they found a significant interaction, but it
can be seen from Fig. 2B that there is little evidence of
an interaction when frequencies of 1, 4 and 8 cycles/de-
gree are compared. This is not consistent with the
magnocellular deficit theory.
It should be noted that even when a significant
omnibus interaction is found, it may not necessarily
support the magnocellular deficit theory of dyslexia,
which predicts dyslexics to have a deficit only at low
spatial or high temporal frequencies. Indeed, given the
predictions of theory, only the linear and quadratic
components of the interaction are of interest, because
the theory predicts a deficit that increases with decreas-
ing spatial frequency. Other departures from parallel-
ness, even if significant, would not be consistent with
theoretical predictions. The only studies to find evi-
dence for an interaction between observer group and
spatial frequency consistent with a magnocellular
deficit were those of Lovegrove et al. (1982) and
Martin and Lovegrove (1984, 1988). Martin and Love-
grove (1984) reported a significant linear component of
the interaction. Although the other studies reported
only the significance of the overall interaction, the
results were qualitatively consistent with the theory.
Lovegrove et al. (1980) found a significant quadratic
component of the interaction for some unspecified
viewing durations, but these were not all consistent
with the theory.
Finally, in testing for a significant interaction, none
of the studies reviewed used statistical procedures that
allow for the possible inflation of significance levels due
to violations of the assumptions of conventional re-
peated-measures analysis of variance (Rogan, Kesel-
man, & Mendoza, 1979). These robust procedures use
either a multivariate approach to repeated-measures
analysis or apply corrected degrees of freedom to make
the tests more conservative (Rogan et al., 1979). These
alternatives are available in common statistical analysis
packages. Thus, even those studies reporting significant
interactions of the appropriate type are still not neces-
sarily secure. However, the highly significant interac-
tions reported by Martin and Lovegrove (1984, 1988)
and Lovegrove et al. (1982) are likely to be robust to
this assumption violation.
4. General discussion
A fixed level of inattention can result in widely
varying threshold estimates. The distribution shown in
Fig. 1a can be interpreted to represent either repeated
estimates made from a individual observer with a fixed
low level of inattention, or the distribution of single
estimates across individuals in a group all of whom
have the same low level of inattention. Such a skewed
distribution is common among groups of dyslexics per-
forming psychophysical tasks, where most perform
within the normal range, but the group mean is biased
by only a few outliers (Hogben, 1996; Hogben, Heath,
& McArthur, 1998). Furthermore, when these tasks are
repeated, or when performance on tasks putatively
testing the same perceptual mechanisms is compared,
the identity of the outliers is not maintained (Hogben,
Johnstone, & Wong, 1999). This lack of consistency in
outlier identity is not consistent with an elevated true
perceptual threshold for the outliers but is entirely
consistent with a stochastic elevation in estimated
threshold resulting from inattention. Note that it is not
the case that good threshold estimates reflect attention
to the task; rather, a fixed level of inattention may lead
to either to normal or elevated threshold estimates
depending upon whereabouts in the adaptive procedure
the unattended trials occurred.
The simulations in the present study predicted that
inattention alone should result in a main effect of
observer group but not in an interaction between group
and spatial frequency, provided that logarithmic steps
were used in the adaptive procedure and data are
plotted on a log scale. Data from the studies of Love-
grove et al. (1980), Cornelissen (1993), Mason et al.
(1993), Evans et al. (1994), Borsting et al. (1996) and
Slaghuis and Ryan (1999) are described well by a
simple main effect of group (Fig. 2). However, some
data from Lovegrove et al. (1982) and Martin and
Lovegrove (1984, 1988) are not well modelled by a
simple main effect. We note that in these studies, the
average reading delays were very severe: over five and a
half years in the studies by Martin and Lovegrove
(1984, 1988), and over four years in experiment 2 of
Lovegrove et al. (1982). This may be the reason why so
few studies, when carefully examined, have replicated
their findings.
The level of inattention required to produce such
elevated thresholds depends on the exact psychophysi-
cal procedure used, the step size and the start level.
Simulating the procedure of Slaghuis and Ryan (1999),
which provided details of the start level, inattention to
an average of one trial in 10 accounts for the elevation
of threshold estimates in the dyslexic group. Cornelis-
sen et al. (1995) repeated trials where the observer was
obviously not attending to the task. It is interesting to
note that this is one of the few studies that does not
show a main effect of observer group. This suggests
that the main effect of observer group described in
other studies may be due to inattention, as predicted by
the simulations of the present study.
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The use of alternate psychophysical procedures may
minimise the effect of inattention of dyslexic observers.
Efficient adaptive procedures, for example QUEST
(Watson & Pelli, 1983), and maximum-likelihood pro-
cedures (Green, 1993) may estimate threshold fairly
reliably using as few as 12 trials. Also, the use of
k-down, one-up procedures (where k=4 or 5) allows
the efficient use of large step sizes, which can reduce the
attentional demands of the task by maintaining the
signal well above threshold on many trials (Saberi and
Green, 1996). Investigation of the most efficient and
robust procedure for inattentive observers is the subject
of ongoing research.
Evans et al. (1994) presented their stimuli continu-
ously. In their study, reduced concentration would not
have resulted in unattended trials, but may have de-
creased the probability of a correct decision through a
decrease in threshold sensitivity. Visual attention is
known to strongly modulate perception. In fact, if
attention is highly focused, the observer can be blind to
visual events elsewhere in the visual field (Mack &
Rock, 1998). Smith (1998) has shown that cuing a
spatial location approximately doubles visual sensitivity
at that location relative to an uncued location. Spatial
attention is reported to be abnormal in dyslexia
(Facoetti, Paganoni, & Lorusso, 2000), and the alloca-
tion of spatial attention has recently been shown to
affect contrast sensitivity functions in normal observers
at all spatial frequencies tested (Carrasco, Penpeci-Tal-
gar, & Eckstein, 2000). If dyslexic observers are unable
to concentrate their attention on near-threshold stimuli,
they may sometimes give up and guess when the dis-
crimination becomes difficult. This will result in an
apparent across-the-board reduction in contrast
sensitivity.
In summary, inattention may lead to elevated
thresholds via one of two possible mechanisms. First,
complete inattention to a proportion of trials in an
adaptive threshold estimation procedure may lead to
elevated threshold estimates, as shown by our simula-
tions. Here, the estimated threshold does not reflect the
true perceptual threshold, but is a biased and unreliable
estimate. Second, ineffectively focused attention across
the set of trials may lead to reduced sensitivity to
near-threshold stimuli. Here, the estimated threshold
would reliably reflect an elevated perceptual threshold.
Since both of these mechanisms would lead to a main
effect of observer group, their relative contribution to
the main effect in studies employing adaptive proce-
dures is not clear. There may also be other general
performance factors that could produce the main effect
observed in most studies.
Skottun (2000a) also reviewed studies of temporal
contrast sensitivity. It is likely that evidence for a
magnocellular deficit should be more apparent as a
function of temporal frequency than spatial frequency
(Koenderink & van Doorn, 1979; Kaplan, Lee, & Shap-
ley, 1990). Felmingham and Jakobson (1995) and Mar-
tin and Lovegrove (1987) found dyslexics to be more
impaired at high temporal frequencies than at low
frequencies, consistent with the magnocellular deficit
theory. In contrast, inspection of results from Cornelis-
sen et al. (1995), Borsting et al. (1996) and Slaghuis and
Ryan (1999) show that the magnitude of the main effect
of group did not increase with the increase in temporal
frequency as expected from the magnocellular deficit
theory.
This study has included only those studies that have
claimed to support the magnocellular deficit theory of
dyslexia. We have not included studies that failed to
find evidence of a magnocellular deficit, nor those that
Skottun (2000a) described as directly contradicting the
magnocellular deficit theory (Lovegrove et al., 1982
experiment 1; Martin & Lovegrove, 1988 experiment 3;
Hill & Lovegrove, 1993).
In summary, such scant evidence for an interaction
between subject group and spatial/temporal frequency
undermines the support for a magnocellular deficit in
dyslexia based on studies of spatial contrast sensitivity.
Studies of contrast sensitivity have the advantage of
in-built control for nuisance factors such as inattention
or level of motivation. The same cannot be said for
other tasks that have been offered as evidence for a
magnocellular deficit, such as the ability to perceive
global-dot motion (Cornelissen et al., 1995; Slaghuis &
Ryan, 1999), given that motion perception is strongly
modulated by attention (Raymond, 2000).
In conclusion, any task based on a two alternative
forced-choice paradigm would be subject to an alterna-
tive explanation in terms of attentional factors if (i)
there are no control conditions where dyslexics would
be predicted to be less impaired, or (ii) if such condi-
tions are included but no interaction is apparent. This
places in doubt much of the evidence derived from
other tasks that has been offered in support of the
hypothesis of a magnocellular deficit in dyslexia.
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